Abstract: Focusing inside scattering media is a challenging task with a variety of applications in biomedicine. State of the art methods mostly require invasive feedback inside or behind the sample, limiting practical use. We present a technique for dynamic control and focusing inside scattering media that combines two powerful methods: optical coherence tomography (OCT) and wave-front shaping (WFS). We use OCT as a non-invasive feedback for WFS optimization of a separate, penetrating laser. Energy absorbed in the sample, creates thermal expansions that are used for the feedback mechanism. By maximizing thermal deformations within a selected focal region, we demonstrate enhanced focusing of light through scattering media beyond the ballistic regime and within the penetration range of OCT.
Introduction
Recent developments in the field of wave-front shaping (WFS) have demonstrated control and optical focusing through scattering media [1, 2] . Coherent light in such media generates randomly scattered light fields, creating random interference patterns, known as speckles. Speckles can be manipulated by controlling the incident wave-front phase, using modern high resolution spatial light modulators and deformable mirrors. Methods for focusing light through scattering media require an adaptive feedback process or phase conjugation to approximate the optical modes in the random media. Recent methods include wave-front optimization [3] [4] [5] , time reversal [6] and directly measuring and inverting the transmission matrix [7] . These approaches require measurements of transmitted light and therefore are not directly applicable for focusing inside scattering media. Alternative methods for focusing light inside scattering media with non-invasive feedback mechanisms include fluorescent guide-stars [8] [9] [10] , photoacoustics [11] [12] [13] time reversal of ultrasound encoded light [14] and time reversal of variance encoded light [15] .
Imaging inside scattering media can be performed, to some extent, by coherence gating [16] . In coherence gating the coherence properties of the source provide a mechanism for filtering scattered light. Changes in the optical path exceeding the coherence length, due to scattering events, suppress the interference of scattered photons with a reference beam, whereas ballistic photons interfere strongly. The most widely used form of coherence gating is optical coherence tomography (OCT) [17] , which is capable of imaging at depths of a few millimeters inside tissue. OCT has been developed in multiple modalities, including time and frequency domain OCT, the latter realized by spectral domain and swept source systems [18] . OCT is currently a significant biomedical tool in dermatology and ophthalmology. Infra-red (IR) light is typically used to reduce scattering and absorption, enabling deeper imaging in tissue.
Several methods have demonstrated enhanced depth of field and resolution in coherence gated imaging into scattering media. For instance, WFS OCT introduces an active phase modulation element to the OCT scheme [19] [20] [21] [22] [23] in order to extend the imaging depth, signal to noise ratio (SNR), or resolution. Aberration correction of the OCT signal has also been demonstrated [24] [25] [26] , improving OCT resolution and image quality. In these techniques the optimization seeks to enhance the OCT signal.
In this work we integrate the two techniques, WFS and OCT, in a different way and with a different purpose in mind. We use OCT as feedback for WFS optimization of an overlapping, penetrating laser, and not of the OCT source as previously implemented (see Fig. 1) . Therefore, we demonstrate a noninvasive feedback approach that relies on light-induced thermal expansion and deformation inside the media: thermal expansion feedback wave-front shaping (TEF-WFS). Accordingly, absorption of light in the sample creates local heating and thermal expansion that deforms the sample. Deformations are detected in the OCT image and are effectively used to modulate the illumination, control scattered light, and focus it into a specific region of interest (ROI). The objective of the method is to enhance energy deposition inside/through a scattering medium by an independent source at a selected wavelength. Combining a second wave-front-shaped laser beam with an OCT system is a realistic goal that could enhance applications such as photodynamic therapy, which often require photons in the visible range tuned to specific chromophore absorption bands. In addition, the OCT arm enables on-line dynamic monitoring of the sample during all phases of energy deposition as well as precise selection of the focusing target inside complex tissue. The sample consists of scattering particles (yellow) and absorbing targets (black). OCT imaging monitors the sample which is illuminated by a coincident, green, penetrating laser. Focusing of the green light on an absorber is attained by WFS using a SLM and by monitoring deformation of absorbing targets in the OCT image.
Thermal expansion feedback: Detecting deformation with OCT
In order to achieve sensitive detection of deformations inside the scattering sample we implement an OCT-based feedback for wave-front optimization. We rely on elastic, reversible, material thermal expansions that directly translate into shape changes in the OCT image. In order to improve the feedback sensitivity beyond that given by the OCT resolution, we measure translations of selected image features using an interpolated cross-correlation method [27] . The interpolation is based on a frequency-domain zero padding of the Discrete Fourier Transform of the OCT image, forming a x100 representation of the image. For deformation detection, we compute the cross correlation, CC, in the Fourier domain and apply the interpolation on the result as follows.
I is a ROI on the OCT image that is captured when the shutter (see Fig. 2 ) is open and the penetrating laser is heating the sample. T is a reference image template, captured when the shutter is closed and the sample is not heated. Additionally, ZP represents zero padding, DFT and IDFT are the discrete Fourier transform and its inverse respectively. We use the results of the cross-correlation to find the 2D Euclidean distance that corresponds to the translation (both axial and transverse) of the sample in the OCT image, between a reference (laser off) and a signal (laser on), defined as 2 2 ,
where,
x CC and z CC are the offsets of the cross-correlation global peak, defined by max(CC{I, T}). The operation is performed on a user defined ROI in the image to allow the selection of a focusing location. Each acquisition is pre-processed using a nonlinear thresholding filter, as depicted in Fig. 3(d) , to reduce noise on the signal and improve the cross-correlation result. The deformation in pixel units or its equivalent distance is assigned as the cost value for GA optimization. Due to the large thermal expansions detected in the experiment we neglected thermally-induced refractive index changes. We treat all 2D deformations as isotropic, by assigning uniform cost values to all deformations. In anisotropic samples, the cost function could be weighted according to the anisotropic tensor of thermal expansion coefficients, assigning an appropriate cost value (light intensity) to deformations along each axis.
Experimental setup
The experimental setup is depicted in detail in Fig. 2 . The beam to be focused through the scatterer originates from a 1W, 514nm, CW Argon Ion laser (Spectra physics Innova 300), focused by a long working distance objective (x10, 0.15NA) and modulated by an external, mechanical, shutter (UNIBLITZ VMM-D1). The laser power that reaches the sample was up to 500mW. The modulation (on/off) was performed at ~0.2Hz, limited by the OCT device acquisition rate of ~5 sec per image. The laser light passes through a standard diffuser (Thorlabs DG10-1500) that serves as a configurable scatterer for each experiment. The distance between the diffuser and the sample was ~8mm. Wave-front shaping is preformed using a Liquid-Crystal Spatial Light Modulator (LC-SLM) (Holoeye HEO1080p), divided into 144 independent macro-pixels with phase that varies between 0 and 2π. For feedback, the system includes a commercial OCT (Thorlabs Spectral Radar OCP930SR), comprised of a 930 nm super luminescent diode (SLD) with a 100nm bandwidth and a spectrometer with a 0.14nm resolution. The OCT's axial resolution is 6.2µm, the maximal imaging depth is 1.6mm with a spatial resolution of roughly 10 µm, due to the low NA lens in the device. The OCT and laser beams overlap at an angle of 80°. A backside camera (Point Grey Research CMLN-13S2C-CS) images the speckle patterns. The shutter, LC-SLM and OCT acquisition are controlled by tailored MATLAB software. A proof-of-concept sample consists of a black polyester sewing thread with a diameter of 200μm, fixed on a microscope slide with an external layer of adhesive tape. We selected the black polyester absorbing sample due to its relatively large linear thermal expansion coefficient, 
Results
Figure 3(a) depicts the characterization of the thermal deformation of the black polyester sewing thread sample as a function of laser power. Figure 3 (b) depicts a preliminary characterization that defines the noise floor, and is useful for studying the SNR of the method. In this preliminary step, a series of random patterns followed by a series of constant patterns were projected on the SLM. For each pattern, the deformations of the sample were measured and compared. The higher variance in the deformation, caused by the random patterns (signal), in comparison to the variance of deformation with constant pattern (noise), is indicative of changes in the speckle field with wave-front shaping. Figure 3 (c) depicts the OCT gray-scale image of the sample. Figure 3 (d) depicts the image after thresholding and a user selected ROI. The ROI includes the low absorption tape that serves as a deformation amplifier for focusing light on the thread. We demonstrate the ability to enhance light focusing, in a selected focal area inside the sample, using the thermal expansion feedback. For this demonstration, the black polyester sewing thread sample faces the OCT at roughly 45°. The 514nm laser passes through a diffuser, producing an intensity pattern on the sample. The adjusted diffuser configuration allows precise control over the experiment scattering properties. For high contrast speckles, the focusing objective was tuned slightly before the focal region on the diffuser. This illumination configuration corresponds to the results depicted in Figs. 4(a)-4(c) . A mixture of scattered and ballistic photons was achieved by focusing the penetrating laser on the diffuser surface corresponding to the results depicted in Figs. 4(d)-4(f) . Demonstration of both cases shows that any combination of the two scattering regimes can be controlled similarly.
Moreover, this configuration facilitates optical validation of the enhanced focused light, by removing the sample while keeping the diffuser in place, and directly imaging the speckle field. The wave-front optimization was implemented by a Genetic Algorithm (GA) [28] . Accordingly, SLM phase patterns are optimized based on the amplitude of the detected deformations, presented as distance in OCT pixels. The process starts with a set of random phase patterns and iteratively converges to an optimized phase mask by a natural selection that mimics biological evolution. Upon optimization, the calculated phase mask precompensates random scattering events inside the media, the deformations are enhanced, and an enhanced focal point is formed. The GA optimization process is depicted in Figs. 4 (a) and 4(d), including the whole population at every iteration. Verification of the focusing was performed using a backside camera. The optimal phase mask was a combination of phase patterns, which has no particular observable trend, as shown in the insets of Fig. 4 . After the optimization, the sample was removed, and the speckle pattern was imaged using a backside camera, as shown in Figs. 4(b) , 4(c), 4(e), and 4(f). The peak intensity to average background ratio, also known as enhancement η , was measured [5] . The experimental results recorded are, 1 
SLM macro pixels. The factor α depends on the type of light modulation that is used, and on the intensity distribution over the SLM. The lower experimental optical enhancement was caused mainly by optical speckle decorrelation during the experiments, and noise in the measurements. The overall time of the optimization was several hours (limited by the OCT device acquisition speed of ~5 sec per image). As such, it is likely that mechanical drifts, reduced the speckle decorrelation time, and limited the total enhancement of the optimization. Note that the substrate and the scattering layers are characterized by low optical absorption and did not deform thermally, even under intense illumination (up to an order of magnitude higher fluence). Only the presence of an absorber created detectable thermal deformations, which confirmed that the focus spot, created by the GA optimization, resides in the absorber.
Furthermore, the total transmission behind the sample was reduced after focusing due to the enhanced absorption.
Discussion
The sensitivity of TEF-WFS, and hence the ability to focus light efficiently, depends on the sensitivity of the deformation detection. Even with sophisticated motion detection algorithms [29] , OCT imaging resolution and sensitivity remain the primary limitations. In traditional OCT, the depth resolution, typically on the order of micrometers, is defined by the coherence length, and the transverse resolution, typically also of the same order, depends on the minimum waist radius of the OCT beam [17] . Therefore, the detection of minute deformation changes with alternating SLM patterns is challenging (see Fig. 3(b) ), and the applicability of the method is limited to highly absorptive features with relatively large thermal expansion coefficients. The method could be improved with use of phase-sensitive optical coherence tomography (PSOCT). The OCT phase information is highly sensitive to optical path changes and capable of measuring nanometric deformations [30, 31] . It is worth noting that PSOCT has already been used for optical coherent elastography (OCE), which takes advantage of nanometric deformations to study and characterize tissue properties [32] . Employing PSOCT and deformation detection techniques used in OCE [33] for feedback, could considerably enhance the sensitivity of TEF-WFS and provide a better signal to control the wave-front. As a result, focusing inside scattering media would potentially be possible with fewer limitations on the thermal properties of the absorbing structure. Sufficient SNR for phase measurements in highly scattering media would be required for implementing PSOCT-based feedback since the phase signal decreases significantly with scattering. , where s l is the scattering mean free path. Therefore, the SNR of OCT drops rapidly with multiple scattering events, reducing the image quality in depth beyond 1-2mm using IR wavelengths. Visible wavelengths have much shorter s l and therefore penetrate less inside biological tissues [35] . In other words, longer wavelengths are characterized by lower scattering, 1 s s l μ ≈ , both in Mie [36] and Rayleigh scattering regimes. Specific examples for scattering media in which the scattering of the OCT IR wavelength is much lower than scattering for the penetrating laser wavelength include human skin [37] , the brain [38] , and other biological tissues [39] . On top of the high penetrating wavelength in the IR range, TEF-WFS exploits coherence gating of ballistic photons. Both mechanisms enable control over visible highly scattered light within the penetration of the OCT. In a more realistic scenario, the same amount of scattering should have been placed on both the OCT, and penetrating laser optical paths. However, in order to increase the SNR of the OCT signal, we tested the performance with the diffuser only on the path of the penetrating laser. This setup is equivalent to a sample with low scattering for the OCT IR SLD and high scattering for the visible wavelength laser. We selected a sample with high linear thermal expansion coefficients, resistant to high laser fluence and situated in such a geometry that produces high 3D thermal deformations and translations. We do not expect such level of deformation in tissues. However, in terms of thermal expansion, tissues are typically modeled as water, due to their high water content. ) is comparable to that of our samples ( ). Additionally, there have been several demonstrations of photo-thermal deformation measurements with OCT in real tissue and tissue phantoms [40] [41] [42] [43] [44] . Note that, in the experiments, the goal is always to optimize the wavefront below damage threshold and then create local energy deposition with possible targeted tissue damage at a selected ROI. Conceptually, TEF-WFS is similar to focusing light using photoacoustic feedback [11] . In this method, light absorption creates acoustic waves which suffer minimal scattering, are detected by acoustic transducers, and then used as feedback. In our case, low frequency thermal deformations are recorded via OCT, enabling enhanced control and focusing of scattered light within the penetration range of the IR coherence gated imaging. Photoacoustic imaging is capable of deeper penetration depth, higher SNR and shorter measurement period compared to OCT. However, there are relative advantages of OCT based feedback: First, OCT feedback has optical resolution inside tissue, typically higher than the resolution of the photoacoustic feedback. Secondly, OCT is air coupled and does not require impedance matching such as photoacoustic imaging. This advantage might be relevant in applications such as ophthalmology where impedance matching complicates the clinical procedure. Lastly, OCT is a widespread imaging technology, commonly used in biomedicine, which could facilitate integration and adoption with wavefront shaping. As such, combining a wave-front shaping system with OCT clinical systems is a realistic, practical path that could enhance applications such as photodynamic therapy, which often require photons in the visible range tuned to specific chromophore absorption bands.
TEF-WFS enables improved performance by a combination of a high NA objective for the penetrating laser with low NA lens for the feedback OCT. In addition, the OCT arm enables on-line dynamic monitoring of the sample during all phases of energy deposition as well as precise selection of the focusing target inside complex tissue. The thermal deformations we measured are on the order of hundreds of milliseconds for CW lasers and are governed by steady state thermal equilibrium timescales in the material. Smaller deformations and pulsed lasers could have shorter characteristic time scales. Improved sensitivity of the OCT, e.g. through phase detection with a state-of-the-art swept source OCT system, would allow measuring much smaller deformations and significantly reduce the inherent measurement time. Real-time focusing in highly dynamic turbid tissue with speckle decorrelation times on the order of milliseconds would still be challenging. However, our method could be advantageous for more static scenarios such as dental applications.
Conclusions
In conclusion, we presented a new wave-front shaping method for focusing through scattering media: TEF-WFS, enabled by OCT. Proof of concept experiments demonstrate that laserinduced, reversible thermal expansions can be measured and used as a feedback mechanism for wave-front shaping optimization. Enhanced focusing of visible light is attained at depth ranges of the coherent gated IR feedback. Hence, the method has potential for a new biomedical focusing/imaging modality in which the penetrating laser focuses energy on selected features inside scattering tissue, while being monitored and optimized dynamically using an OCT system. Potential bio-medical applications include photodynamic therapy.
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